Abstract This review focuses on nontemplate-dependent polymerases that use water-soluble substrates and convert them into water-insoluble polymers that form granules or inclusions within the cell. The initial part of the review summarizes briefly the current knowledge of polymer formation catalyzed by starch and glycogen synthases, polyphosphate kinase (a polymerase), cyanophycin synthetases, and rubber synthases. Specifically, our current understanding of their mechanisms of initiation, elongation (including granule formation), termination, remodeling, and polymer reutilization will be presented. General underlying principles that govern these types of polymerization reactions will be enumerated as a paradigm for all nontemplatedependent polymerizations. The bulk of the review then focuses on polyhydroxyalkanoate (PHA) synthases that generate polyoxoesters. These enzymes are of interest as they generate biodegradable polymers. Our current knowledge of PHA production and utilization in vitro and in vivo as well as the contribution of many proteins to these processes will be reviewed.
INTRODUCTION
What do a grease-laden French fry, an airplane tire, and a biodegradable shampoo bottle all have in common? They all are composed of polymers made by nature that play a central role in our everyday lives. Nature, using a few basic building blocks, has created biodegradable materials that can be generated from biorenewable sources with a wide range of useful properties (1) (2) (3) .
Cellulose, starch, and glycogen all use glucose as a building block. Cellulose is the world's most abundant organic substance. Starch is also ubiquitous and is the most important source of energy for all living beings. Polymers using acetate as a building block (polyisoprenes, polyhydroxyalkanoates, and triacylglycerols) are also encountered in our everyday lives. Polypeptide polymers that are composed of two amino acids and not generated by ribosomes, are also found in nature and have interesting properties. This review provides an overview of our present understanding of the nontemplate-driven polymerization processes found in nature. A summary of the systems being investigated is presented in Table 1 . The specific focus will be on polymerases that use a soluble monomeric substrate (or substrates) that is transformed into an insoluble inclusion during the elongation process. First, a brief overview of the common features of the synthases that generate starch, bacterial glycogen, polyphosphate, L-arginyl-L-polyaspartate, and polyisoprenes are described. We then examine in detail the β-hydroxyalkanoate (PHA) synthases, with a specific focus on the short-chain polyhydroxybutyrate (PHB) synthases, as a potential paradigm for all polymerases. We focus on the mechanism of PHB formation, that is, initiation, elongation, and termination processes in vitro and in vivo. We then examine the models for PHB granule formation and utilization as well as the role of the proteins required for these processes.
GENERAL OUTLINE
The general outline of each section is to present the biosynthetic pathway for polymer formation and the genes thus far identified in this process. We then describe in detail the structural properties and mechanism of the synthase. The mechanisms of the initiation and priming processes are described in vitro and in vivo. Then the elongation process is addressed. Focus is placed on the phase transition in which the growing soluble polymer becomes insoluble. The protein(s) that control this transition and the structures of the resulting inclusions (used interchangeably with granules) are described, including the structures of the polymers within the inclusions. The proteins involved in remodeling of the polymers and the effect of these proteins on the polymer properties are also presented. The nature of the termination process and the basis for the molecular weight range and polydispersity of the polymers are discussed. In addition to the synthases, most organisms have depolymerases that are involved in polymer degradation and remodeling. Regulation of synthesis and degradation are also discussed. Finally, potential contributions of new methods (genomics, metabolomics, mRNA profiling, and proteomics) to understand these complex processes are presented. In each system, a reference to the most recent, comprehensive review is provided in the introductory section as are additional references that have enlightened us since this review.
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TABLE 1 Properties of synthases involved in nontemplate-dependent polymerizations
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STARCH BIOSYNTHESIS
Starch is one of the major sources of calories in our diet, and over 600 commercial products are made by the starch extraction and processing industry. Starch structures can be subdivided into those involved in long-term usage and those involved in transitory usage. Long-term starch is the main carbon reserve and energy source in most plants. It is stored in underground plant organs, such as tubers or legume seeds. Transitory starch in photosynthetic tissue, such as leaves, is synthesized in the day and used at night and provides a buffer for sugar pools. A number of excellent reviews on the biosynthesis, structure, physical properties, and physiological roles of this polymer are available (4, 5) . We cannot possibly do justice to this huge body of work, but focus on the general principles and problems encountered in studying starch synthases as related in general to all nontemplate-driven polymerizations.
Starch is composed of glucose (GLC) polymers packaged in vivo as complex, semicrystalline, water-insoluble granules and is mainly found in plastids of the plant cells ( Figure 1a ). The granules are diverse in size and shape, and granule morphology depends on the plant and the location within the plant. Starch is composed of two types of Glc polymers: amylose and amylopectin. Amylose is predominantly α- (1, 4) -linked Glc units with less than 1% α- (1, 6) linkages, and it is 20% to 30% of the starch granule in starch-storing organs. Amylose is a linear polymer that can form a left-handed helical coil. Amylopectin constitutes the remainder of the granule in which linear α- (1, 4) -linked Glc units are joined together by 5% to 6% α- (1, 6) linkages (Figure 2a ). Starch is distinct from glycogen (see below) by the frequency of the α- (1, 6) linkages. The branch linkages in amylopectin are clustered every 10-20 Glc units along the amylopectin structure and occur at regular intervals of about 90Å along the axis of the molecule. This branching allows highly ordered parallel arrays of double helical glucans to form at the root of a unit cluster (4) . Chains of about 45 units span two clusters, and chains of about 70 units span three clusters. The double helices pack together in a regular manner to form crystalline lamellae that alternate with amorphous lamellae where the branch (42) ; and (e) polyhydroxybutyrate (PHB) from Wautersia eutropha (1.0 µm) (13) . 
Figure 2
Starch and glycogen structure, biosynthesis, and Escherichia coli glycogen biosynthetic operon organization (BE, branching enzyme; DBE, debranching enzyme; GBSS, granule-bound starch synthase; GS, glycogen synthase; MOS, maltooligosaccharide; SS, soluble starch synthase). (a) Starch, glycogen structure; (b) starch, glycogen biosynthesis, and utilization ( filled black circle, hexose pyranose ring; open circle, reducing end of polymer chain); (c) E. coli glycogen operons (glgC, ADP-Glc pyrophorylase; glgA, glycogen synthase; glgB, glycogen-branching enzyme) are involved in glycogen synthesis; glgX, glycogen-debranching enzyme, and glgP, glycogen phosphorylase, are involved in glycogen utilization (140) . points are located. Crystalline and amorphous lamellae together form growth rings. One growth ring is composed of tens of lamellae repeats. Recent studies have suggested that these structures can be remodeled by phosphorylation (6) .
Biosynthesis
The starch synthases use ADP-glucose (ADP-Glc) as a substrate to form the α-(1,4)-glucans. ADP-Glc is synthesized by ADP-Glc pyrophosphorylase as shown in Figure 2b . There are two types of starch synthases: soluble starch synthase and granule-bound starch synthase. The ADP-Glc can be added to either the nonreducing end of a Glc chain or the reducing end depending on the starch synthase isozyme (5, 7) . Expression analyses of plant genomes, accompanied by knockout experiments, are revealing the complexity of the isoenzymes of starch synthases (8) . The resulting α- (1, 4) -glucans are then substrates for starchbranching enzymes that introduce α- (1, 6) branches to yield the amylopectin polymers (4). Starch-debranching enzymes also are essential for starch biosynthesis. They can hydrolyze α- (1, 6) branches either directly or indirectly. Direct debranching occurs in plants and bacteria, and the enzymes with different specificity are called isoamylases or pullulanases. Indirect debranching occurs in yeast and animals (9) .
Our chemical understanding of the mechanisms of the soluble starch synthase and granule-bound starch synthase are still in a rudimentary stage. Both synthases are glycosyl transferases. On the basis of sequence alignments, glycosyl transferases are now divided into 50 families (10, 11) . The amylopectin synthases from bacteria and plants are placed in family 5 and differ from the glycogen synthases in mammals and fungi that are placed in family 3. Both the soluble starch synthase and granule-bound starch synthase catalyze their reactions with retention of configuration. The evidence thus far, however, suggests that the enzymes use different mechanisms with different roles for the conserved glutamates. The amylose synthase is in general a granule-bound starch synthase, whereas the amylopectin synthase is usually soluble (similar to glycogen synthase discussed below). The sizes of the synthases range from 60 to 90 kDa, and no structural data on any of these proteins presently exist.
Initiation
Recent studies have provided insight into the different mechanisms of initiation of the soluble starch synthases and granule-bound starch synthases. In the case of the granule-bound starch synthases, in vitro studies suggested two possible initiation mechanisms (12) . The first is that maltooligosaccharides (2 to 7 residues) generated by starch degradation enzymes can function as noncovalent primers. The second is that branches of amylopectins can be cleaved to amylose that then serves as the primer. Complementary studies in vivo, using a variety of mutants in Arabidopsis thaliana leaves in which maltooligosaccharide levels have been modulated, support the maltooligosaccharide-priming model (12) . In the proposed mechanism, the 440 STUBBE ET AL. starch synthase adds the monomer to the nonreducing end and does not involve covalent catalysis. The Glu residues presumably function as general acid/base catalysts ( Figure 3a) .
Elongation
Recent studies on starch granules from eight different plant sources provide convincing evidence for covalent catalysis through a conserved Glu. These experiments are presumably interrogating amylopectin biosynthesis (7) . The authors carried out pulse-chase experiments on intact granules. The results from their experiments have eliminated many favored models for initiation and elongation. Their results suggest that ADP-Glc is transferred to the protein to form a chemically labile bond with the synthase. They provide further support that the addition of Glc from ADP-Glc to this linkage occurs from the reducing end. The mechanism they proposed, involving two covalent intermediates, is shown in Figure 3b and has been called the two-site insertion mechanism. This mechanism is very similar to the one initially proposed for PHB synthases (13) . This mechanism differs from the established mechanism for glycogen biosynthesis in mammals and fungi, which uses a protein primer in which Glc is added from UDP-Glc through the nonreducing end (Figure 3c ). Self-glycosylating proteins, with sequence similarities, have been identified in plant systems such as A. thaliana, but none of them contains an appropriate N-terminal sequence for localization in the plastid where starch synthesis occurs. Whether they are protein primer equivalents in plants has not been established biochemically or genetically.
Subsequent to initiation and elongation, continued chain extension results in formation of granules that vary tremendously in size (1-3 µm to 100 µm) and shape, depending on the system (Figure 1a) . The process by which these semicrystalline structures are initiated remains a mystery. The granule formation is thought to involve self-assembly based on physical properties, rather than being directed by biology (4). This conclusion is based on the observation that most mutations resulting in alterations in granule structure have been associated with the genes organizing the carbohydrate chains, rather than scaffolding proteins. A very recent study in potato tubers implicates starch debranching enzymes, isoamylase isozymes, in granule initiation (9) . Antisense experiments to suppress specific isozymes resulted in greatly increased numbers of small granules. Accompanying transmission electron microscopy (TEM) studies revealed that these small granules are contiguous to large granules. Controls revealed that isoamylases appear to suppress initiation of glucan molecules that would crystallize to form new starch granules (9) . Despite the extensive knowledge of the enzymes involved in starch biosynthesis, no one has been able to recapitulate formation of the amylose or amylopectin in vitro nor organize these polymers into a granule. Furthermore, no group has been able to generate starch granules in bacteria. In conclusion, a common problem in nontemplate-dependent polymerization systems is our inability to clearly define function(s) of proteins due to unavailability of substrates experienced by these proteins in vivo. 
Termination
The large number of enzymes involved in remodeling of the amylopectin chains, including phosphorylation at all stages of granule assembly (6) , has made the termination process difficult to examine, and thus almost no information is available.
BACTERIAL GLYCOGEN
Glycogen is a major reserve of carbohydrates in both prokaryotes and eukaryotes. However, glycogen in eukaryotes is made from UDP-Glc, whereas glycogen from prokaryotes is made from ADP-Glc. Many bacterial species accumulate glycogen in either stationary phase or under nutrient-limited conditions. Photosynthetic bacteria, however, also can produce glycogen in a transient form. In Escherichia coli, glycogen synthase is not essential for growth (14) . The bacterial glycogen synthases are in the glycosyl transferase family 5, as is the amylopectin synthase discussed above (11) . Glycogen is similar in structure to amylopectin except that the α- (1, 6) branch linkages occur more frequently at 10% to 12%, and as a consequence, the polymers have shorter chain lengths and twice the number of branches Figure 2a (5) . Bacterial glycogen, in contrast to starch, is homogeneous and water soluble.
Biosynthesis and Degradation
Glycogen synthesis in bacteria depends on the actions of four enzymes: phosphoglucomutase, ADP-Glc pyrophosphorylase (glgC ), glycogen synthase (glgA), and glycogen-branching enzyme (glgB). Glycogen degradation requires glycogen phosphorylase (glgP) and a debranching enzyme (glgX ) in addition to enzymes for catabolizing maltooligosaccharides (Figure 2c ).
Initiation
In animal and fungal cells, initiation is carried out by the self-glycosylating protein, glycogenin ( Figure 3c ) (15) . UDP-Glc is the substrate for both glycogenin (the priming protein) and glycogen synthase. The K m values for the substrate and the metal ion requirements for glycosyl transfer catalyzed by each of these proteins are substantially different. The K m for UDP-Glc priming is µM, and the priming is Mn 2+ dependent; conversely, the K m for elongation is mM, and elongation is Mg 2+ dependent. Glycogenin is glycosylated on tyrosine at the reducing end and extends from its nonreducing end by 8 Glc units. The end Glc residue is then recognized by glycogen synthase. Glycogenin remains linked to the polymer through the entire elongation process. Protein primer has not been identified in bacteria or plants through biochemical efforts or through genome searching with the glycogenin sequence. Studies on Agrobacterium tumefaciens glycogen synthase, patterned after those on glycogenin, suggested that this protein can self-prime (16) . Studies with µM [
14 C]-ADP-Glc, followed by SDS-PAGE analysis of products, suggested that radiolabeled sugar is covalently attached to the glycogen synthase. The labeled material could be chased into a large molecular weight glycogen with cold ADP-Glc (mM). Thus, A. tumefaciens glycogen synthase is self-priming and appears to occur by covalent glycosylation. Sequence similarities between A. tumefaciens glycogen synthase and other bacterial glycogen synthases suggest that this mechanism of priming may be general.
Elongation
As with starch synthases, bacterial glycogen synthase adds ADP-Glc (K m is mM) to the growing chain with retention of its configuration. Both the E. coli and A. tumefaciens glycogen synthases are close functional relatives to starch synthases. Two structures of glycosyl transferases have been solved, and they have been designated GT-A and GT-B. Members of the glycosyl transferase family 5 are proposed to have a GT-B fold, and a threading model of the E. coli glycogen synthase has been reported (17) . Sequence alignments reveal only a few conserved residues, and their functions have not been mechanistically defined.
Site-directed mutagenesis studies have been carried out on conserved residues in the E. coli glycogen synthase (D137A, R300A, K305A, H161A, and E377A). The studies with aspartate and glutamate mutants revealed complete loss of activity, whereas the other mutants have reduced activity (17) . In the maize starch synthase, the equivalent of the conserved aspartate and glutamate both show no activity with D → N or E → Q mutations and 10% to 30% activity with the E → D or D → E mutations (18) . The roles of these residues in initiation and elongation (covalent or acid/base catalysis vs structural) are still not clear, nor is it clear whether the ADP-Glc adds to the nonreducing or the reducing end of the growing polymer as suggested by the recent studies on intact starch granules (7) .
As with starch synthesis, bacteria (E. coli and cyanobacteria) have glycogenbranching enzymes that catalyze formation of the α-(1,6)-linkages. Recent genetic studies, accompanied by analysis of product size and solubility, demonstrated that cyanobacteria, in which the glycogen-branching enzyme gene has been deleted, synthesize amylose-like glycans (19) . The lack of branching is predicted to cause a decrease in the number of nonreducing ends that can be extended and, hence, reduction in the molecular weight of the polymer. Thus, an experiment to examine the size of the polymer would provide insight into the mechanism of elongation. Consistent with the addition of Glc to the nonreducing end, the wt strain had a molecular weight of 6.6 × 10 7 Da, while the mutant strain had a molecular mass of 4.7 to 5.6 × 10 3 Da. The key to looking for different-sized polymers is understanding their solubility properties and how they change so that appropriate extractions and quantitative recoveries of polymer are possible. Characterizing polymers produced by all of the polymerases discussed in this review is a challenging problem. It is interesting to speculate that the major difference between plants producing starch and bacteria generating glycogen will be found, not in the soluble synthases, but in the steps leading to polysaccharide aggregation into insoluble semicrystalline material. In neither cyanobacteria nor in E. coli have starch-like inclusions been detected.
Termination
Investigators have proposed that the sizes of the glycogen polymers are sterically self-limiting. The mass of rabbit muscle glycogen is approximately 10 7 Da. Modeling studies have predicted that glycogen could not grow past 12 branches because packing would limit access to the nonreducing ends required for growth (20) .
POLYPHOSPHATE BIOSYNTHESIS
Inorganic polyphosphate is a linear polymer of inorganic phosphate linked by phosphoanhydride bonds (Figure 4a ). A number of biological functions have been proposed for this polymer. Polyphosphate can replace ATP in kinase reactions and may be involved in regulation of levels of NTP and dNTP pools by serving as a donor for the NDPs or dNDPs (21) . It can function as a reservoir of phosphates, a chelator, and a buffer. The polymer has most often been associated with its role in coping with acute and prolonged environmental stress (depletion of amino acids, Pi, nitrogen, and changes in ionic strength). A number of excellent reviews have recently been published (22) (23) (24) .
Biosynthesis
The biosynthesis and degradation of polyphosphate involve polyphosphate kinase (PPK, the polymer synthetase) and exopolyphosphatase (PPX, polyphosphate degradase). Both genes are found on the same operon ( Figure 4b) (25) . A number of additional enzymes, such as endopolyphosphatase (26) and phosphotransferase, are also thought to be involved in degradation (22) . The PPK1 from E. coli is the best-characterized synthetase and converts ATP into polyphosphate (Figure 4a ). The reaction is reversible, and thus the polymer formation requires the coupling of ADP to another reaction (27) . The PPK1 is a soluble homotetramer of subunit molecular weight (MW) 80 kDa. In vivo the protein is membrane associated. There are 850 ± 120 molecules/cell (4.7 µM assuming the volume of an E. coli cell is 3 × 10 −16 L and the protein is soluble) when E. coli are grown in Luria-Bertani medium (28) . Recently, a second polyphosphate kinase (PPK2) has been found in many bacteria, excluding E. coli (29) . This enzyme can use GTP or ATP to make polyphosphate and prefers Mn 2+ instead of Mg 2+ required for PPK1. PPK2 is expressed in late-log phase of cell growth. Its function has been proposed to be the synthesis of GTP from GDP, which is required for the massive synthesis of exopolysaccharides and alginate that are essential when the organism enters stationary phase (30) .
Initiation
As with the other polymerases, efforts to find a small molecule or protein that functions as an initiator in vivo have been unsuccessful. In vitro at low ATP concentrations (µM) and with PPK1 at any concentration, the rate of polymer formation shows a lag phase that is suppressed by addition of (P) 4 but not by (P) 3 or (P) 2 (27) . Thus, (P) 4 appears to function as a primer. These conditions are far removed from the mM concentrations of ATP found inside the cell, and under mM ATP, no lag phase is observed. At µM ATP concentrations, the involvement of a phosphorylated enzyme as a primer has also been suggested (27) . A phosphorylated histidine in PPK1 has been detected in vitro using [γ - 32 
Elongation
At mM ATP, the elongation rate is processive, resulting in a polymer chain of ∼750 residues in vitro. No intermediate polyphosphates were detected. Incubation of radiolabeled short-chain phosphate oligomers (2 to 400 residues in length) and addition of unlabeled ATP resulted in formation of an unlabeled 750 mer (27) . Although the concentrations of polyphosphate in E. coli can change from 100 µM to 50 mM under environmental stress, no granules of this material have been detected. Granules of polyphosphate have, however, been detected in the vacuole of yeast and can account for as much as 10% to 20% dry cell weight. In V. cholerae, granules are found in the cytosol (31) (Figure 1b ).
Termination
The polymer chain length synthesized by PPK1 in vitro is very monodisperse. Nothing is known about the apparently exquisite control of the chain length. 
Utilization
Control of the polymer length in vivo is predominantly regulated by the depolymerase, PPX. E. coli PPX has also been extensively studied, and it is a dimer with a subunit MW of 58 kDa that is also membrane associated. The enzyme requires Mg 2+ , is stimulated by K + , and has a turnover number of 20 s −1 . By removing the orthophosphates from the polymer ends, the protein degrades the polyphosphate made by PPK processively without any polyphosphates of intermediate chain lengths being detected. (25) . The simultaneous presence of a synthase and a depolymerase (PPK and PPX) is a theme that repeats itself in the biosynthesis of starch, glycogen, PHB, and cyanophycin. The regulatory mechanisms involved in preventing futile cycling are not understood in any case.
CYANOPHYCIN BIOSYNTHESIS
Cyanophycin is a polyamide: L-arginyl-poly(L-aspartate). The amino acids arginine and aspartate are present in about a 1:1 ratio, and nearly all the β-carboxyl groups of the polyaspartate backbone are linked to the amino groups of arginine by an isopeptide bond ( Figure 5a ). This polypeptide, in contrast to proteins, is not made on the ribosome. This polymer is most frequently found as insoluble inclusions in cyanobacteria, oxygenic photosynthetic prokaryotes that are capable of adapting to many environments (32) . Survival of cyanobacteria under stressful conditions, such as high light, or starvation for CO 2 , sulfur, or phosphorus, results in accumulation of cyanophycin granules in stationary phase ( Figure 1c ) (33) . Under these conditions, the polyamide is thought to serve as a nitrogen reserve. However, in other cyanobacteria capable of fixing nitrogen, it has been suggested that cyanophycin serves as a dynamic reservoir of newly fixed nitrogen to buffer the nitrogen-fixing cells (heterocysts) against environmental fluctuations (34, 35) . In these systems, the polyamide is thought to play an integral role between nitrogen and carbon metabolism (32, 34) .
Pathway and Gene Organization
The de novo synthesis of cyanophycin is catalyzed by a single protein, cyanophycin synthetase. The reaction is shown in Figure 5a . Incubation of Mg 2+ • ATP with aspartate and arginine results in the formation of product. The loci of genes involved in the synthesis and degradation of the polymer are found on an operon (Figure 5b ) (32, 36) . A theme that repeats itself in almost all of the systems discussed in this review. The synthetase has been purified and expressed from Anabaena variabilis (36) and Synechocystis sp. (32) . The A. variabilis protein has a subunit MW of 100 kDa and a native MW of 230 kDa (36) . Sequence analysis and Clustal W alignments of all cyanophycin synthetases reveal that they have two ATP-binding sites. The N-terminal domain (residues 127 to 424) is homologous to the ATPgrasp superfamily of enzymes. This family activates carboxylates for nucleophilic attack by phosphorylation with Mg 2+ • ATP. The C-terminal domain (residues 550 to 800) is homologous to ATP enzymes involved in peptidoglycan biosynthesis (peptide ligases) (37) . Although the structure is not available for any synthetase, structures of the ATP-grasp domain and the peptide ligase domain are available, and high sequence identity reveals that threading models could be made (37) . Mechanistic studies have revealed that biosynthesis of the polymer proceeds by Cterminal elongation of the poly-aspartate backbone with the addition of aspartate followed by generation of the isopeptide bond with arginine. Each step requires an ATP (Figure 5a ) (32, 38) . Covalent catalysis via the enzyme is not anticipated given our understanding of the chemistry of the two superfamily members that compose the synthetase.
Initiation
In vitro cyanophycin synthesis requires a primer and either (α-Asp-Arg) 3 or (α-Asp-Arg) 2 can function in this capacity (32, 38) . The mechanism of priming in vivo is unknown.
Elongation
Experiments have not yet addressed the issue of distributive versus processive polymerization, nor has the issue of granule formation been investigated. The granules from Aphanaocapsa 6308 have been examined by electron microscopy (EM) using thin section and freeze fracture techniques ( Figure 1c (cyanophycinase) are soluble proteins, and there is no evidence for their association with the granules (33, 39) .
Termination
The polymers generated in vivo are highly polydisperse with MWs ranging from 25 to 100 kDa (32). In vitro polymerization or production of cyanophycin in E. coli results in smaller polymers of MW of 25 to 30 kDa (32).
Utilization
Cyanophycin is degraded by cyanophycinase, a 29.4-kDa protein (32) . The cyanophycinase hydrolyzes the polymer from its C terminus to release the dipeptide, Asp-Arg. This protein has been suggested to be a member of the serine hydrolase family, but the critical experiments to test this hypothesis have not been carried out. Presumably there is an isoaspartyl peptidase that can hydrolyze the dipeptide to aspartate and arginine (32) .
POLYISOPRENE BIOSYNTHESIS
Natural rubber is a raw material used in the manufacture of many products. Although more than 2500 plant species are known to produce rubber, Hevea brasiliensis, the Brazilian rubber tree, is the only competitive source of commercially available natural rubber (40) . Despite the increasing demand for natural rubber, the acreage for rubber trees has diminished in recent years, and thus there has been interest in the development of additional sources of natural rubber. To guide the generation of rubber-producing transgene plants, identification of the genes involved in its biosynthesis and regulation is essential.
Rubber is generated from the isopentenyl pyrophosphate (IPP) building block ( Figure 6c ). There are two biosynthetic pathways that can generate this monomer: the mevalonate pathway and the 1-deoxy-D-xylulose-5-phosphate/2-C-methyl-Derythritol-4-phosphate pathway. The choice of pathway is dependent on the organism (Figure 6a ,b) (41) . The polymer generated from IPP is a polyisoprene with the double bonds having the cis configuration. The polymer chains, by unknown mechanisms, aggregate into rubber particles found in the latex vessels of rubber trees ( Figure 1d ) (42) .
Candidates for Rubber Synthase
The identification and characterization of the genes and enzymes involved in rubber biosynthesis have been slow relative to other homo-polymerization systems. In fact, most of the studies thus far reported begin with rubber particles. This starting point was based on early biochemical studies that demonstrated that fresh latex could be separated by centrifugation into three phases (43) . The bottom fraction (20% of the latex) contains membrane-bound organelles, called lutoids and FreyWyssling particles. The middle fraction is called the C-serum. The top fraction phase that contains the rubber particles was the focus of most investigators. Very recent biochemical and EM studies, however, have established that latex in this fractionated form is unstable (43) . These studies also suggest that the bottom faction is required for initiation of polymer synthesis. This knowledge and the development of methods to store the fractions without destablization should greatly facilitate progress in identifying proteins involved in the early stages of polymer formation.
Distinct structurally and mechanistically from the trans-prenyl transferases (trans-PTFases) (44) , information on the cis-prenyltransferases (cis-PTFases), making linkages similar to those bonds found in rubber, has only become available very recently. Using the sequences from E. coli, Micrococcus luteus, and A. thaliana cis-PTFases, DNA primers from conserved sequences have been used in conjunction with a polymerase chain reaction to pull out the corresponding genes from RNA isolated from the latex of Hevea (45) . The genes were tagged with a (His) 6 or thioredoxin tail, and the proteins were expressed in E. coli in all cases in inclusion bodies. Solubilization in denaturant and refolding gave a protein of 33 kDa, subsequent to tag removal. This protein was inactive by itself, but when incubated with the washed bottom fraction of the latex, large isoprene polymers were convincingly observed for the first time. Thus, proteins and the membranes found in this bottom fraction are essential for the initiation and, presumably, elongation catalyzed by the cis-PTFase. There have been many previous reports that washed rubber particles from the top fraction can add IPP to a growing rubber particle (41) . The turnover numbers using these preparations are low and variable, owing to missing factors. The discovery that the fresh bottom fraction of the latex is essential for initiation of polymerization (45) has thus set the stage to study the biochemistry in vitro and in vivo of this interesting polymerase.
Initiation
The mechanism of polymer initiation in Hevea is unknown, although in vitro addition of farnesyl pyrophosphate or geranylgeranyl pyrophosphate resulted in enhanced incorporation of [
14 C]-IPP in the presence of washed rubber particles. In goldenrod (Solidago altissima), the polymers are of sufficiently low molecular weight that NMR spectra of the isolated isoprenes allow a distinction between the residues at its ends and the bulk monomer (41) . Two trans isoprene units and a dimethylallyl group were detected, providing evidence in this system for small molecule priming in vivo. When a similar experiment was carried out on rubber isolated from Hevea leaves (not the rubber particles themselves), two trans isoprene units were detected and there was no dimethylallyl unit. The absence could imply that the dimethylallyl unit had been modified or that it simply was not present.
Structures of the M. luteus and E. coli undecaprenyl synthases (cis-PTFases) are available (46, 47) and thus homology modeling of the Hevea PTFase is 451 possible. The steady-state and presteady-state kinetic studies on undecaprenyl synthases have revealed a distributive mechanism for attaching the 11 units of IPP to generate product (48) . Comparison of gene sequences of the polymerase and the undecaprenyl pyrophosphate synthases reveals that the sizes of the plant and bacterial proteins are similar. Thus, if the mechanism of the elongation is processive in the case of the polymerase, then components of the polymerase system are probably missing.
Elongation
As noted above, elongation has been studied by most investigators using washed rubber particles. Isolation of these particles and characterization of the proteins associated with them by SDS-PAGE revealed two predominent proteins (41): one, MW 14.6 kDa, designated rubber elongation factor and the second, which has a MW of 24 kDa and is homologous to rubber elongation factor, has been designated small rubber particle protein. Transcriptome analysis of rubber latex reveals that these two proteins comprise up to 29% of the total expressed sequence tags of the lactifier cells (49) . Both of these proteins have been expressed, isolated, and antibodies generated. There have been no reports of evidence for an abundant protein of MW 33 kDa, the putative cis-PTFase. Immunogold labeling studies and transmission electron microscopy have revealed that small rubber particle protein is located over the entire surface of the rubber particle (Figure 7a ) (42) . The localization of small rubber particle protein had been elusive for many years. It was only by use of nonconventional fixation methods (a lot of trial and error) that a small rubber particle protein was shown to be located on the granule surface. In general, isolation of each granule to preserve its constituents will have its own idiosyncracies. This must be kept in mind in thinking about constitutents required for granule initiation in all nontemplate-dependent polymerizations. With Hevea (Figure 1d ), TEM has revealed two subsets of spherical particles: one 0.2 µm and the other 1.0 µm in diameter. Rubber particles with their interior made of 
Termination
Rubber appears to be a metabolic dead end because there have been no findings of enzymes capable of breaking down the rubber in latex. In Hevea, the MW of the polymer has a bimodal distribution with some polymers in the range of 10 6 Da and others 10 5 Da. Both the Hevea polymers and the C 55 to C 120 oligomeric isoprenes appear to have well-controlled molecular weights (50, 51) . In vitro studies reveal the size of the polymer is related to the relative concentrations of the putative primer (farnesyl pyrophosphate or geranylgeranyl pyrophosphate) and IPP (50) . The higher the ratio of primer to substrate, the shorter the chains. Thus, it is likely that the granule and its associated proteins in conjunction with the elongation protein(s) will play a critical role in chain length control and will be different from in vitro studies.
Regulation and Modern Methods of Analysis
Modern "omics" methods have allowed analysis of the transcriptome in latex and provided information about metabolic activity in this specialized tissue (49) . The results revealed that the latex is surprisingly unique and that only seven gene families accounted for >50% of the latex transcriptome. The cis-PTFase was unexpectedly not present in the expressed sequence tag pool. Its absence resulted from their low levels of expression, as genes for four such cis-PTFases were cloned by screening the latex cDNA library. Finally, the second most abundant group of transcripts was demonstrated to be associated with defense or stress genes, suggesting a function for these lactifier cells in the Hevea plant. The unexpected presence of the DXP/MEP pathway for IPP production suggests that this pathway (Figure 6b ) (49) , in addition to the more conventional MVA pathway (Figure 6a ) for IPP production, might play a role in rubber biosynthesis.
PHA HOMEOSTASIS
PHAs are polyoxoesters generated from 3-hydroxyalkanoate coenzyme A esters with loss of coenzyme A (CoA) concomitant with formation of each ester bond ( Figure 8 ). The PHA polymers are deposited as insoluble inclusions or granules within the cells (Figure 1e ). These polyesters are generated in almost all bacteria under nutrient-limited growth conditions when a carbon source is readily available (2) . The PHA production occurs in exponential, late exponential, or in stationary growth phases, depending on the organism. Accumulation of PHA can reach as much as 85% of the dry cell weight (1) . When the environment becomes more hospitable, the PHAs are degraded to the corresponding monomers, which are used as a source of energy for biosynthesis (supplying NADH) and as biosynthetic building blocks. As with all the other polymers discussed above, there are also conditions of growth in which PHB is generated transiently (1, 2) .
PHAs have received much attention from the bioengineering community because, depending on the size of alkyl side chain (R, Figure 8 ), the resulting polymers have properties that range from thermoplastics (R = H, methyl, ethyl) to elastomers (R = C 3 H 7 -C 14 H 29 ). Furthermore, they are biodegradable (52, 53) . Billions of pounds of plastic waste are generated each year from the oil-based polyethylene and polypropylene plastics. Thus, there is a growing interest in generating biodegradable thermoplastic polymers such as the polyoxoesters from biorenewable sources (54) (55) (56) . Most effort is presently focused on producing these polymers in an economically competitive fashion. Understanding PHA homeostasis may be essential to the success of this endeavor. A number of recent reviews cover the biochemistry and biology of the PHA synthesis and degradation as well as the prospects for making plastic factories (1, 53, (57) (58) (59) (60) .
In the past few years, genes involved in PHA homeostasis in many bacteria have been identified. The organization of the genes in W. eutropha, and Allochromatium vinosum are shown in Figure 9a , as these organisms are paradigms for the short chain PHB synthases (designated, PhaC) that have been extensively studied (53). Additional genes involved in PHB biosynthesis are phaB and phaA, which code for acetoacetyl-CoA reductase and a thiolase, respectively (Figure 9a and Figure 10 ) (61) . The phaABC genes are usually found in an operon and are highly conserved ( Figure 9 ) (57) . In addition to proteins involved in polymer synthesis, phasin proteins that play an important role in granule formation have also been identified (62) (63) (64) . Recent genomic studies in W. eutropha suggest that it has multiple phasin proteins (65) . In contrast to the other proteins involved in PHB homeostasis, the phasins are not sequence conserved between organisms. Thus far, two transcription factors, PhaR (63, (66) (67) (68) and PhaF (69), have been identified. The regulation of transient PHB production in nutrient-rich conditions or PHB production under stress (nutrient-limited conditions) obviously requires the involvement of many transcription factors. The details of the regulatory mechanisms are an active area of investigation. When the limiting nutrient is provided and no carbon is available for growth, PHB is degraded as a source for carbon and energy. Three depolymerase genes phaZ1 (renamed phaZ1a) (70) , phaZ2 (renamed phaZ1b) (71) , and an oligomer hydrolase (renamed phaZ2) (72, 73) have been identified, and their functions were suggested by analysis of deletion strains. Several additional putative intracellular depolymerase genes from the genome of W. eutropha have recently been identified according to sequence homology (65) .
In addition to the class I and class III PHB synthases, there is another class of synthase that uses 3-hydroxyalkanoate derived from fatty acids as substrates (R = C 3 H 7 to C 14 H 29 , Figure 8 and Figure 9b ). The Pseudomonas oleovorans synthase has served as the paradigm for this class of synthase. The synthase has only been purified from insoluble inclusions. Renaturation of the inclusions solublized with denaturants results in an active synthase. However, the turnover number is very low, only 1/10 3 of that of class I and class III synthases (81, 84) . Consequently, this class of synthase will not be discussed further.
PHB Synthases
PHB is generated by the class I and class III synthases, which are classified by their subunit molecular weights (74) . Both synthases use predominantly HB-CoA and can also use 3-hydroxyvalerate-CoA as substrates. The class I enzymes, typified by the enzyme from W. eutropha, has a subunit MW of 64 kDa and is probably a dimer during the elongation process (75) (76) (77) . The class III enzymes, typified by the enzyme from A. vinosum, have two subunits each of MW 40 kDa, designated PhaC (the synthase) and PhaE (78) (79) (80) . PhaE has no sequence homology to any known proteins. The active synthase is a tetramer of a 1:1 complex of PhaC:PhaE. All synthases have resisted purification from their host organism with one exception. Recently, a PHA synthase was purified from Thermus thermophilus, an organism with an optimum growth temperature at 70
• C (82). Its unusual subunit MW (55 kDa) and substrate specificity suggest that it may be a new class of synthase. Thus, all synthases that have been examined in vitro in detail are from recombinant sources. The relationship between their properties in vitro with those in vivo is essential to establish given that the location of these proteins, at least during elongation process, is on the surface of the granules. The turnover numbers of the class I and III synthases are 40 U/mg (83) and 140U/mg (80), respectively, The synthase from T. thermophilus has the highest specific activity thus far reported, 2050 U/mg (82) . The recombinant class I synthase, while soluble, is ill behaved unless the nonionic detergent Hecameg, well below its critical micelle concentration, is added to the buffers used in the purification (75) . In contrast, the class III PhaCPhaE synthase is well behaved and soluble when expressed in E. coli. Both N-terminal His-tagged PhaC and PhaE were separately expressed in E. coli, and the individual subunits were purified . PhaC had very low polymerization activity (0.1% the activity of the coexpressed PhaCPhaE), while PhaE did not have detectable activity. Titration of PhaC with the tagged PhaE eventually produced activity comparable to the coexpressed proteins. The ratio of PhaC:PhaE, however, was 1:10 rather than 1:1; thus PhaE plays a role in vivo that cannot be recapitulated in vitro (80) . PhaE may be playing a role similar to Hecameg or a phasin protein.
Sequence alignments of all classes of synthases revealed a number of conserved residues (Table 2) (13). In addition, Blast searches highlighted a 50-amino acid stretch of the class III synthase that was 42% sequence identical to bacterial lipases, including the GXSXG "lipase" box (85) . In the synthase, the serine that is known to be involved in covalent catalysis in lipase is replaced with a cysteine. The similarity between lipases and synthases may be mechanistically informative for a number of reasons. First, lipases catalyze triacylglycerol hydrolysis, and in organic solvents, lipases can catalyze ester bond formation. Second, the turnover of lipases is accelerated 100-fold by their binding to a micelle or membrane (86) . Lipases serve as a paradigm for interfacial catalysis. PHB synthases, as shown below, are bound to the surface of PHB granules (79, 87 ) that appear to be covered extensively with a monolayer of lipid. Hence, the synthases may also involve interfacial catalysis (88, 89) . The requirement for Hecameg to solublize the class I synthase suggests that it spends part of its time associated with a hydrophobic cellular component. Third, lipases are members of the α/β hydrolase superfamily of proteins, and atomic resolution structures are available. A threading model for both the class I and III synthases has been generated using sequence alignments and the lipase structures (85, 90) . The three-dimensional threading models generated for the synthases have provided the basis for mutagenesis studies. Fourth, the mechanism of lipases is well understood and involves covalent catalysis using an active site serine that is activated for nucleophilic attack by a histidine (91) . This information has facilitated formulation of possible mechanisms for PHB production by the synthases. Just as in the case of the starch synthases ( Figure  3 ) (7), many mechanisms are possible. Several working hypotheses that fit the available data and involve covalent catalysis with a cysteine and a histidine are presented in Figure 11 . Mechanism A involves an active site located at the interface of two protein monomers (76, 80, 92, 93) . According to this proposal, two cysteines, one provided by each monomer, are involved in covalent catalysis. In each monomer, a histidine residue activates the cysteine residue for nucleophilic attack. Activation of the hydroxyl of HB-CoA for nucleophilic attack involves an aspartate that can function as a general base catalyst. In this model (Figure 11a ), the growing polymer chain remains covalently attached during polymer formation and switches from one monomer to the other on addition of the subsequent hydroxybutyrate unit. Thus, there is a single polymer chain per synthase dimer. This mechanism is actually very similar to one of the mechanisms postulated for starch synthase (Figure 3b ). An alternative mechanism (Figure 11b ) involves covalent catalysis with a single cysteine (13) . In this case, the second HB-CoA binds noncovalently to the synthase, to generate a (HB) 2 -CoA, which then becomes covalently attached to the cysteine with loss of CoA. The mechanism in Figure 11a is similar to that proposed for fatty acid biosynthesis. The mechanism in Figure 11b is based on our understanding of several polyketide synthases [chalcone (94) and surfactin synthase (95)]. Currently, we favor the mechanism in Figure 11b , although at present a distinction between these two mechanisms is not possible.
Initiation
The mechanism of priming or initiation is presently not understood in vivo. As with the other synthases discussed above, three different mechanisms of priming have been considered. One involved a protein primer [e.g., glycogenin for glycogen (13) . In the mechanisms, the active site cysteine is activated for nucleophilic attack on HB-CoA by a histidine. In both cases, ester bond formation requires general base catalysis by an aspartate. To study initiation, an informative assay is essential. The assay for PHB synthase, like all of the synthases, is problematic. In the PHB synthase case, the reaction is monitored discontinuously by measuring CoA release with 5,5 -dithiobis (2-nitrobenzoic acid) (80) . Alternatively, 3-[
3 H]-HB-CoA can be used to measure radiolabeled incorporation into polymer that is extracted into chloroform. In the former assay, CoA can be released as the result of hydrolysis as well as polymerization, a problem especially when studying substrate analogs (83) . In the second assay, the length of the polymer changes as a function of time and governs its extractability. The measurement of CoA release is simpler and is most frequently employed.
Efforts to find a protein primer by adding crude extracts from a phaC W. eutropha strain grown under PHB production conditions to recombinant W. eutropha PhaC were unsuccessful (J. Tian, A. J. Sinskey, and J. Stubbe, unpublished results). A series of oligomers (HB) n -CoA (n = 2, 3) and a saturated trimer (sT-CoA) were synthesized and examined as possible primers with both the class I and III enzymes (76, 80, 93) . The structure of sT-CoA is
The sT-CoA, in which a radiolabel [ 3 H in place of OH group] provides a way to monitor reactions, behaves identically to the (HB) 3 -CoA. These compounds did function as primers with both classes of enzymes and provided the basis for the mechanistic model in Figure 11a . The importance of a protein dimer in polymer elongation was proposed on the basis of the results from the following experiments.
Low concentrations of class I enzyme incubated with HB-CoA resulted in a long lag phase prior to detection of CoA release. Incubation of the enzyme with (HB) n -CoA (n = 2, 3 and sT-CoA) followed by addition of HB-CoA showed a decrease in the lag phase and an increase in the rate of the CoA release (93 also substantiated the mechanism that the incoming monomer adds to the acylated enzyme, that is, polymerization occurs through hydroxyl attack on the activated carboxylate end. The stoichiometry of the labeling and the sT-CoA-mediated dimerization of synthase was the basis for mechanism A (Figure 11 ) in which the growing polymer chain is at the interface of the dimer. A recent study in which a heterodimer composed of one wt subunit and one Cys319A mutant subunit of the synthase were used to examine the dimerization model concluded, probably incorrectly, that the dimer of the synthase is active in initiation and elongation (77) . However, a dimeric synthase with a single 459 active site is difficult to construct on the basis of lipase structures. Lipases are all monomers and have active sites that are deeply buried and connected to the surface through a long narrow channel (97) . For the model in Figure 11b to account for these results, only one of the two initially identical monomers can support a polymer chain. A structure of the synthase is required to resolve these issues.
The kinetics of CoA release catalyzed by the class III synthase is also multiphasic: Initial rapid CoA release phase is followed by a slower phase. With the class III enzyme and the sT-CoA, the labeled enzyme was also isolatable, but the labeling was not stoichiometric (0.2 equivalents), owing to chemical lability of the linkage to the conserved active site cysteine. However, measurement of CoA release from incubation of sT-CoA with enzyme gave 0.5 label per PhaEPhaC, as with the class I synthase. Furthermore, incubation of sT-CoA with synthase in the presence of a small amount of HB-CoA (1 to 2 equivalents per equivalent of synthase) resulted in trapping the (HB) n trimer, tetramer, and pentamer covalently bound to the cysteine, suggesting that with this artificial primer initiation proceeds through a covalent intermediate and that elongation proceeds through the same covalent intermediate (80) . Thus, oligomers of (HB) n -CoA can function as primers, but the relevance of these primers to the mechanism of initiation in vivo has not been established. Identifying the primers in vivo should be possible by extraction of the PHB from the bacteria and examination of the end groups of the polymer using NMR methods. These studies are analogous to those carried out to determine the primers in polyisoprene synthesis. To facilitate the end-group analysis, a W. eutropha strain was constructed in which the wt synthase was replaced by a mutant synthase disabled in elongation by an aspartate to alanine mutation. Culturing this strain under PHB production conditions may minimize the size of polymer and facilitate the end-group identification and consequently the identification of the small molecule primers.
The success of (HB) n -CoA as primers suggests that it is likely that self-priming can occur with HB-CoA. Efforts to examine the priming process using the normal substrate [ 3 H]-HB-CoA and class I synthase in a substrate to enzyme ratio (S:E) of 1:1 to 1:5 were unsuccessful. Most of the protein remained unmodified, and a small amount of the protein appeared covalently linked to a large molecular weight PHB polymer (75) . These results suggested that in vitro the elongation rate is much greater than the initiation rate. No intermediate chain length (HB) n -linked proteins were detected. An experiment with the class III synthase at low HB-CoA and synthase ratios gave similar results, which implies that in vitro the synthases are not uniformly loaded with HB-CoA (98). In class III synthase, however, the elongation rate is more closely balanced to the initiation rate.
As noted above, with one exception, all the PHB synthases studied have been from recombinant sources, and hence, the gold standard of the enzyme from the host organisms is not available. Thus, in an effort to isolate the class I synthase from its host, using gene replacement methods in W. eutropha, the wt synthase gene was replaced with an N-terminal His-tagged version, preserving the upstream and downstream regions of the gene. The same construct expressed in E. coli greatly facilitated isolation of the recombinant synthase (83) . Despite expression of synthase in W. eutropha, detected by Western blotting, the His-tagged synthase was 460 STUBBE ET AL. nonisolatable by Ni-affinity chromatography used to purify the same construct from E. coli. The kinetics of CoA release from the purified W. eutropha synthase (10% to 20% pure), however, showed no lag phase and exhibited kinetics similar to those observed with the class III synthase. These results demonstrate that a protein factor, a small molecule primer, or protein localization within W. eutropha altered its properties relative to those observed with the recombinant protein (98) . This theme repeats itself in the synthase studies addressed in this review. The intracellular environment plays an important and still unclear role in PHB production.
Elongation
Mutagenesis studies on the synthases supported the importance of C319 (PhaC from W. eutropha) and C149 (PhaC from A. vinosum), identified with the sT-CoA studies. H508 (PhaC from W. eutropha) and His 331 (PhaC from A. vinosum) were shown to be the general base catalyst involved in generating the thiolate of the active site cysteine ( Table 2 ). Mutagenesis studies suggested that D480 (PhaC from W. eutropha) and D302 (PhaC from A. vinosum) played important roles as general base catalysts in the elongation process (99) . Studies with the class III D302A synthase mutant slowed the rate of PHB formation 1000-fold relative to that of the wt synthase. If this reduced rate is in fact associated with reduced elongation rates, as both of our mechanistic models imply (Figure 11a,b) , selfpriming of the synthase with HB-CoA might be detected because the elongation and initiation rates are nearly equivalent.
In fact, results of in vitro and in vivo studies with the D302A PhaC from A. vinosum have given the first direct evidence for covalent labeling of the C149 of PhaC by HB-CoA (99) . Incubation of the D302A mutant with various substrate to enzyme ratios of [ 14 C]-HB-CoA to PhaC (1:1 to 100:1) resulted in the detection of acylated intermediates of different lengths by SDS-PAGE, autoradiography, and Western blotting. The PhaC alone migrated more rapidly than the (HB) nPhaC. Protease digestion of the (HB) n -PhaC and analysis by HPLC of the reaction products from a reaction with HB-CoA:PhaCPhaE of 1:5 resulted in a peptide containing the C149 and oligomers, (HB) n (n = 3 to 10). Thus, this mutation (D302A) altered the rate of elongation relative to initiation, so that self-priming of PhaC occurred in a moderately uniform fashion. The role of D302 in chain elongation has also been tested in vivo by replacing the wt class I synthase in the W. eutropha strain with the class III D302A-PhaCPhaE, maintaining the 5 -untranslated regulatory region of the class I synthase. The cells were grown and analyzed by EM. Under conditions in which the wt strain generated 12 granules (on average 0.5 µm in diameter), this mutant strain generated only very small granules ( Figure 12 ). These results provide strong support for the role of this aspartate as a general base catalyst and the role of self-priming in polymer initiation (99) . Evidence will be provided below that these granules are not models for granule formation in vivo and that the computer modeling studies based on these in vitro studies are unlikely to be informative about the biology of the system. GRANULE COMPOSITION Elongation is intimately linked to granule formation, and thus to study elongation one needs to understand the composition of the granules, the kinetics of granule growth, and the structure of the PHB within the granules. Granules were discovered by Lemoigne in 1926 and have been isolated from cells by sucrose and glycerol gradient centrifugation (102, 103) . These methods are still used today for granule purification. As noted above, especially in the case of the rubber synthase, the method of isolation is crucial, and this is an area where additional studies are essential (43) . Proteins associated with the granules have only been partially identified. Steinbüchel's lab (62) was the first to identify the predominant granule-bound protein, PhaP (Figure 7b ), which is 3% to 5% of the total cell protein under conditions in which the maximum PHB is produced (62, 63, 65) . A very recent study, using genomic methods, has identified three additional PhaP homologs [P2 (20.2 kDa), P3 (19.6 kDa), P4 (20.2 kDa)], which share approximately 50% sequence similarity with the first PhaP (now designated PhaP1). Under PHB production conditions (with fructose as the carbon source and with limited nitrogen), the concentrations of these proteins are very low relative to PhaP1 (65) . Knockout studies on phaP1 resulted in a 40% reduction in the amount of PHB produced under nutrient-limiting growth conditions, and furthermore, instead of 12 granules, most cells contained a single large granule (Figure 13b ) (62, 64) . Recent kinetic studies with the wt W. eutropha strain, cultured under PHB production and PHB utilization conditions in which PhaP concentrations were determined by quantitative Western blotting using PhaP antibodies, demonstrate a strict correlation between the rate of PHB production and the rate of PhaP production ( Figure 14 ) (104) . Using TEM to measure granule and cell sizes and quantitative Western analysis to measure the amounts of PhaP, we have calculated that PhaP covers ∼30% of the granule surface when cells were grown in nutrient-rich medium (tryptic soy broth) (105) . PhaP covers a similar amount of the granule surface when cells are grown in nutrient-limited conditions in which PHB production is maximized ( Figure 14) (104) . A similar calculation, based on quantitative Western analyses, indicated that 1.6% and 1.3% of granule surface is covered by PhaC and PhaR, respectively, under nutrient-rich conditions (at 4 h, the time point with maximum (Figure 7b) (62) . PHB production). Under PHB production conditions (at 24 h), PhaC and PhaR each covered ∼0.4% of the surface of granules. (104, 105) . Thus, the surface of the granule is predominantly covered with PhaP and small amounts of PhaC, PhaR. EM studies of the granules from different organisms in the 1960s revealed a dark staining coat on the exterior of the granule, and its thickness varied from 20 to 200Å and was interpreted as being associated with a lipid monolayer (88) . This interpretation is supported by a 1.8-fold increase in lipid content (without change in lipid composition) in W. eutropha in the absence of PHB relative to W. eutropha with maximum PHB produced (106) . Thus, it is likely that PHB granules contain both PhaP and lipids on their surface.
The structure of PHB within the granule has also been investigated. Although PHB isolated by most methods is in the crystalline form, solid-state NMR methods suggest PHB is present in the amorphous form in vivo. This implies that the unique environment of the granule prevents polymer crystallization (107, 108) . Insight into the fine structure of the granules has started to be gained by using atomic force microscopy on granules directly after disruption of the cell wall of W. eutropha (109) . The investigators report a 40Å boundary layer on the granule, consistent with a lipid monolayer. They also reported globular structures about 350Å in diameter with a central pore (150Å). The organized network of structures on the surface was proposed to be associated with protein. Thus, we suggest that these factors might be associated with a not yet identified scaffold protein(s). Atomic force microscopy studies have also been carried out on isolated granules treated with increasing concentrations of acetone. Under these conditions, fine structures are apparent and are presumably associated with PHB. However, the 350Å/150Å features are absent. The role of solvent in the production of these structures remains to be studied (110) . Imaging of granules without isolation is the desired approach given the potential lability of the interesting features.
BIOGENESIS OF THE GRANULE Two models for granule formation have been proposed (13) . The first one is the micelle model, which suggests that the extended PHB chains covalently bound to the synthase aggregate into a micelle. The second model is the budding model,which suggests that the hydrophobic synthase binds to the inner face of the plasma membrane, and the PHB granules bud from this membrane, leading to granules with their surface covered by a lipid monolayer. In both cases, the PhaC and PhaP are on the exterior of the granule, which is consistent with experimental results. Recent kinetic EM studies suggested a third model (111) . As revealed in Figure 15c , at early times when W. eutropha cells are placed in a PHB production medium, very small, discrete granules appear to be localized to a mediation element located in the center of the bacterium. Over time, the granules increase in size and appear to remain localized to this element (Figure 15d,e) . By 24 h (Figure 15f ), this mediation element is no longer observed because of either masking by the large amounts of PHB or its degradation. The granule localization and putative mediation element are also apparent under nutrient-rich growth conditions. The basis for this localization is presently unknown. If it is not an artifact of TEM sample preparation, it will be central to understanding granule formation and must be incorporated into any biogenesis model.
ROLE OF PhaP
Given its properties, several roles have been postulated for PhaP. One function of PhaP is to control the number of granules. The results in Figure 13 make this apparent. PhaP overexpression dramatically increases the number of granules (Figure 13a ) whereas deletion of phaP results in the production of a single large granule (Figure 13b) (62, 66) . Under PHB production conditions, the granules increase in size from 0 to 24 h (Figure 15) , and from 5 to 20 h, the PhaP increase correlates with the amount of PHB produced (Figure 14) . The amounts of PHB and PhaP remain relatively constant from 24 h to 72 h (Figure 14) . These observations suggest a second function of PhaP: to control the surface area to volume ratio of the granule. This control is essential for generation of a granule in which the PHB remains in an amorphous state and is consequently accessible to degradation by the depolymerases in vivo. Third, the abundance of PhaP associated with granules has allowed the suggestion in Bacillus megaterium that this protein functions as a nitrogen storage source (112) . A fourth role of PhaP is that it provides protection to the host cell by contributing to coverage of the hydrophobic surface of the polymer, preventing protein misfolding on the hydrophobic granule (113) .
Termination
One of the striking aspects of PHB polymers generated in vivo is their large molecular weights and low polydispersity. These results are reminiscent of those observed with polyisoprenes. Thus, the mechanism of the termination process and the role of the proteins (PhaC, PhaP, and potentially PhaR) versus the role of the inherent physical properties of the polymer remain to be established in all the polymers examined in this review. As noted in Figure 11 , the growing polymer is covalently attached to an active site cysteine. Thus, several questions can be posed. Does chain transfer occur by hydrolysis so that a single PhaC can be used more than once to make polymers within a granule? If this happens, what is the mechanism of chain transfer and is it governed by the conserved residues of the synthases (S and H in Table 2 ) whose functions have thus far remained a mystery. Second, is there a protein involved in the termination process? In polyketide synthases, at the end of each biosynthetic pathway, there is a thioesterase that releases the natural product. Could a similar thioesterase release PHB? The thioesterases are also α/β hydrolase superfamily members and have structures and mechanisms similar to lipases. Third, depolymerases are present during the synthesis of the PHB (104). Could these depolymerases play a role in termination and perhaps reinitiation of polymer synthesis in a fashion similar to the postulated role for isoamylase in starch biosynthesis (9) our recently calculated cell volume, this number of PhaC molecules would give a concentration of 18 µM if PhaC is soluble and not membrane bound (111) .] They argued, using this number and the rate of PHB production, that reinitiation occurs during granule formation under PHB production conditions. This conclusion was confirmed by our recent more quantitative analysis, although our calculations suggest that there are ∼250 PhaCs per cell (104, 105) . This information along with knowledge of the PHB MW (∼10 6 Da) and PHB density (108, 116 ) allowed a more quantitative assessment of PhaC reinitiation events. There are 200-300 PHB molecules per PhaC molecule in an average cell (104) . Under nutrientrich conditions at 4 h (with maximum PHB production), this number is ∼60 PHB molecules per PhaC molecule (105) . Thus, it is now established that a chain transfer mechanism is occurring and that PhaC can be reused many times. The amount of PhaP has been determined using the same method, and the calculations indicated that there is ∼1 PhaP molecule per PHB molecule under both nutrient-rich and nitrogen-limited conditions (104, 105) . This unexpected result is very likely to have important implications in a functional assignment for PhaP. Being able to measure the MW of the PHBs and to express a variety of PhaC mutants that differ from the wt strain by a single mutation in PhaC under different growth conditions will help elucidate the mechanism of chain transfer and the roles of PhaC and PhaP in this process.
Several additional experiments support the chain transfer mechanism and establish that in vitro results differ from in vivo results. Studies with the phaAphaBphaC genes on a plasmid behind an isopropyl-β-d-thiogalactopyranoside inducible promoter in E. coli demonstrated that the size of the PHB polymer was related to the amount of PhaC (117): the smaller the amount of PhaC, the larger the polymer. At low PhaC concentrations in E. coli, the MW of PHB reaches 3 × 10 6 Da, 3 times that of PHB produced in W. eutropha. These results differ dramatically from studies in W. eutropha under nutrient-rich and PHB production conditions in which the concentrations of PhaC changed fourfold, but the size of the polymer remained unchanged [∼1 × 10
6 Da] (104, 105). Insight into chain termination comes from in vivo experiments from Madden et al. (118) . They grew W. eutropha under PHB production conditions in the presence of metabolites that can potentially function as chain transfer agents (glycerol, [ 2 H]-propanol, ethylene glycol). After the resulting PHB polymers were isolated, the ends of the chains were examined by [ 2 H] or 31 P NMR methods. When W. eutropha was grown on glycerol, the polymer MW was substantially lower than PHB produced when W. eutropha cells were grown on glucose. The end-group analysis revealed glycerol, attached through its 1
• and 2
• alcohol, at the C terminus. The 31 P NMR method involved derivatization of the alcohol at one end and the carboxylate at the other end of PHB polymer with 2-chloro-4,4,5,5,-tetramethyl-1,3,2 dioxaphospholane. This derivatization removes the problems associated with the preponderance of protons in the polymer, while retaining the sensitivity of protons (119) . In one set of experiments, C termini of PHB, isolated from exponentially growing W. eutropha cells, were detected without a corresponding modified alcohol end. These results imply that there is a primer that remains to be identified in vivo or, alternatively, that the derivatization method with the phosphorous reagent was not quantitative.
Finally, recent in vitro studies, using a hydroxybutyryl N-acetylcysteamine (CH 3 CHOHCH 2 COSCH 2 CH 2 NHCOCH 3 ) as a substrate analog, have established that chain termination occurs very frequently with this analog (A.G. Lawrence, J. Stubbe, and A.J. Sinskey, unpublished results). The MW of PHB is ∼75,000 Da, and it exhibits narrow polydispersity.
1 H NMR studies revealed that C termini of PHB contains N-acetylcysteamine and that there are no free carboxylates at the end. These studies indicate that chain termination and reinitiation occur in vitro. The mechanism of termination and reinitiation in vivo still remains a mystery, but it may make use of the conserved serine, histidine, and aspartate residues in all synthases ( Table 2 ).
Utilization
As in the case of soluble starch synthase, glycogen synthase, polyphosphate synthetases, and cyanophycin synthetases, the organisms that generate the polymers can also degrade the polymers in time of need. Bacteria make both intracellular and extracellular PHA depolymerases. The extracellular enzymes have been examined extensively because they are responsible for the biodegradability of the crystalline PHB released from dead PHB-producing cells. Bacteria with these extracellular depolymerases use the hydroxybutyrate generated as a building block and the energy released for biosynthesis. An excellent review on the extracellular depolymerase has recently appeared (58) . Because the focus of this review is on PHB homeostasis, only the intracellular depolymerases will be discussed.
The first step in depolymerase identification requires a good enzymatic assay. The assays thus far reported for the intracellular depolymerase(s) are inadequate because they monitor HB, which is many steps removed from the first cleavage events of polymer breakdown (70, 73) . HB production is monitored using an HB dehydrogenase. The assays also typically contain an extracellular oligomer hydrolase, an enzyme that converts (HB) n (n = 2 to 5) to the corresponding monomers, which can then be oxidized by the HB dehydrogenase. The substrates for depolymerase assays cannot be natural granules because the intracellular depolymerases are granule bound and copurify with granules. This copurification gives rise to high background activity. Therefore, artificial granules, made by solublizing crystalline PHB with detergents, are used (108) . Alternatively, (HB) n (n = 2-5) are used as substrate.
The identification of the intracellular depolymerases and their role in PHB homeostasis are just beginning to be unraveled, and the story is complex. A number of putative depolymerases have been identified and their functions analyzed both in vitro and in vivo. Two depolymerases have been partially characterized in vitro: PhaZ1a (45 kDa) (70) and an oligomer hydrolase (PhaZ2, 78 kDa) (72, 73) . The specific activity of both of these proteins is 0.1 µmol/min/mg. This number is very low compared to in vivo rates of PHB degradation (see below). These in vitro studies raise two concerns. The first is that the depolymerases are recombinant 468 STUBBE ET AL. and isolated in soluble form. The biological studies thus far, however, suggest that most of the depolymerases are granule bound. It is likely, as in the case of lipases, that interfacial catalysis will greatly increase the turnover numbers of these enzymes. Second, the artificial granules used as substrates lack the proteins and lipid structure that may be essential for the depolymerases to function and could thus also affect turnover rates.
The alternative substrates (HB) n (n = 2-5) used in these assays give very high rates for HB production: 50-350 µmol/min/mg. However, inside the cell, (HB) n s have not yet been identified, and therefore, the relevance of this assay to the biology needs to be established.
Recently, two additional genes homologous to PhaZ1a have been reported: PhaZ2 (renamed PhaZ1b) and PhaZ3 (renamed PhaZ1c) (71) . The function for these proteins has been assessed in isogenic strains in which each individual depolymerase or multiple depolymerases have been deleted (71, 73) . In addition, the completed genome sequences of Ralstonia solanacearum, Ralstonia metallidurans, and the partially completed sequence of W. eutropha now suggest that there are five sequence homologous PhaZ1s (a, b, c, d, e) all with a MW of 45 kDa (65) . Thus, at present, there are six candidate depolymerases whose roles remain to be elucidated. New ways of examining the phenotypes of deletion strains, isolating of granules from deletion strains, and directly measuring H + release from PHB granule degradation as direct indicators of ester bond hydrolysis are crucial for sorting out their function.
Several recent studies have provided insights into the functions of some of these proteins by comparison of the amount and the rate of PHB degradation in wt and deletion strains grown in PHB utilization medium after being first grown in PHB production medium (71) . Deletion of phaZ1a resulted in partial PHB degradation, whereas deletion of phaZ1b showed no difference in degradation relative to the wt strain. The evidence suggesting that PhaZ1b plays a role in PHB degradation comes from studies using a double knockout ( phaZ1a phaZ1b) strain, which exhibited no degradation of PHB. Deletion of phaZ1c has, thus far, produced no detectable phenotype in vivo under PHB production or utilization conditions (71) . Thus, in PHB utilization medium, both PhaZ1a and PhaZ1b act like depolymerases.
Under nutrient-rich conditions, the results for PhaZ1a and PhaZ1b differ. The phaZ1a strain generates PHB at levels similar to that observed in the wt strain but retains higher amounts of PHB during late log and stationary phases (71) . phaZ1b strain was indistinguishable from wt in its PHB levels (71) . Recent studies by the Saito's group (73), using phaZ1a phaZ2 strain, gave different results. Under nutrient-rich conditions, PHB production in a wt strain was maximum at 15% (dry cell weight) and increased to 20% in the mutant strain (73) . The results suggested that synthases and depolymerases are active simultaneously. EM studies under nutrient-rich growth conditions substantiate the PHB degradation by cells. From 4 h (maximum PHB production) to 24 h, the size of the granules decreased (Figure 15a,b) . These EM results agree with Saito's conclusions that both the synthases and depolymerases are active simultaneously in nutrient-rich medium.
Recently, the function of many of these proteins has been examined using transcription profiling (monitoring mRNA levels) and proteomics (monitoring protein levels) as a function of time under PHB production and PHB utilization conditions (104, 105) . The results under PHB production conditions allow calculation of the rate constant for PHB disappearance. This number measured in several experiments varied from 20 U to 40 U/mg, substantially faster than the turnover numbers measured in vitro (0.1 U/mg) (73) . Thus, the present in vitro assays need to be refined as noted above. Western blotting with antibodies to PhaZ1a, PhaZ1b, and PhaZ2 have been used to interrogate the presence of these proteins under PHB production and utilization conditions. PhaZ1a and PhaZ2 are present during the entire time course for synthesis and utilization. However, PhaZ1b grows in about midway during the PHB production period and then disappears rapidly within the first few hours in PHB utilization medium (104) . In the phaZ1a phaZ1b strain, as noted above, the PHB levels are virtually identical to those in the wt strain at maximum PHB production (71) . The former results suggest that PhaZ1b may be involved in remodeling or termination of PHB, whereas the latter results suggest that PhaZ2 does not degrade PHB but probably degrades oligomers produced by PhaZ1a. Similar Western blotting experiments have been carried out under nutrient-rich conditions. Both PhaZ1a and PhaZ2 are present during production and utilization. However, in contrast to the results in PHB production conditions, no PhaZ1b was detected in the nutrient-rich conditions (73, 105) .
The presence of depolymerases and the synthase at the same time during PHB production and PHB utilization raises the issue of whether they are active simultaneously, and if they are, why? Under nongrowth conditions, studies by Doi et al. (120) provided convincing evidence that the synthases and depolymerases were working simultaneously in W. eutropha. Conversely, studies by Haywood et al. suggested that PHB does not turnover in the steady state and that net degradation is kept to a minimum (121) . In many of the systems described above, synthases and depolymerases are present simutaneously. Major unsolved issues are assignment of functions to these proteins and regulation of their activities to prevent futile cycling.
Regulation
The most recent review of regulation is that of Kessler & Witholt (122) . As with the other synthases described in this review, it is clear that most studies have focused on polymer production and utilization under nutrient-limited conditions. However, PHB production occurs transiently under nutrient-rich conditions as well. The interplay between transcriptional and metabolic regulation in PHB production has been the focus of most studies.
TRANSIENT PHB PRODUCTION A few examples of transient PHB production are presented. Azotobacter vinelandii is an obligate aerobe that fixes nitrogen. This organism can also undergo differentiation to form desiccation-resistant cysts that produce both alginate (an exopolysaccharide) and PHB (123) . In this organism,
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STUBBE ET AL. a gene, phbR, was found upstream and in the opposite direction of the phaBAC operon. Sequence analysis suggested that PhbR is a transcription factor (TF) that is a member of the AraC family of activators. (Note, this PhbR is not sequence homologous to the PhaR from W. eutropha discussed below.) Four promoters were identified between the phbR-phbB intergenic regions. A model was put forth in which PhbR activates transcription of phbB (123) . Searching the partially completed W. eutropha JMP 134 genome reveals phbR equivalents. It remains to be established if this protein is a TF and if it is involved in regulation of PHB homeostasis.
A second TF, homologous to GacS in Pseudomonas, has also been identified in A. vinelandii (124) . The protein codes for a sensor kinase of a two-component regulatory system. GacS is a regulator of alginate and PHB synthesis; however, the signal transduction components and their relationship to PHB production remain unknown.
Recently, a third TF was found to be involved with PHB regulation in this organism (125) . CydR (an Fnr-like TF that senses oxygen) upregulates the genes for cytochrome bd oxidase. This oxidase very rapidly reduces O 2 , making the environment anaerobic so that nitrogenase (the oxygen-sensitive nitrogen-fixing machine) can function. Further studies also revealed that CydR plays an important role in PHB production. A cydR strain showed that it had altered expression of a large number of genes (both by activation and repression). The acetoacetylCoA reductase, PhaB, and β-ketothiolase, PhaA (Figure 16 ), were among the five proteins whose levels were most dramatically affected: The former increased Figure 16 The relationship of polyhydroxybutyrate (PHB) production to central carbon metabolism and the key role of coenzyme A (CoA) (125) . fivefold and the latter fourfold. An integrated overview of the regulation is still missing.
Transient PHB production is also observed in the Acinetobacter spp., an organism that is believed to be one of the major organisms responsible for enhanced biological removal of phosphate from wastewater treated in alternating anaerobic/aerobic activated sludge systems (126, 127) . Under anaerobic conditions, breakdown of polyphosphate and synthesis of PHB occur, whereas during aerobic conditions, breakdown of PHB and synthesis of polyphosphate ensue. Recent evidence suggests that phosphate starvation can positively effect the transcription of these phaAphaBphaC AC genes (128) . In E. coli, PhoB activates transcription of the phosphate regulon by binding to an 18-bp consensus pho box sequence found 10 bp upstream of the -10 region of promoters in the pho regulon. Two pho box consensus sequences have been found in the PHA biosynthetic gene locus (128) .
Rhizobium etli uses PHB synthesis as an important component of their metabolism both in symbiosis and in free life. Studies with a transposon inserted into phaC (129, 130) , in addition to being unable to make PHB, showed diminished oxidative capacity, inability to grow on carbon sources (such as glucose or pyruvate), and elevated levels of NADH/NADPH. By random Tn5 mutagenesis of the phaC strains, they found that the interruption of aniA, a TF, restored the ability of the cells to grow on both glucose and pyruvate. AniA is located adjacent to and divergently transcribed from phaAphaB. Tn5 mutagenesis of aniA resulted in PHB production yield of only 40% relative to the wt strain and a many fold increase in exopolysaccharide biosynthesis. A proteomic analysis of this mutant relative to the wt strain showed failure to produce 759 proteins including PhaB (130, 131) . AniA influences carbon flow and global protein expression. Genes encoding AniA-like proteins have been found thus far only in the proteobacterial branch of eubacteria. A homologue designated PhaR has been found in W. eutropha (β subdivision) and in A. vinosum (γ subdivision).
STRESS-RELATED PHB PRODUCTION
Regulation of PHB production under nitrogen limiting conditions has been best studied to date. PHB production, however, also occurs under oxygen, phosphate, and Mg 2+ limitations. Thus far, regulation at the transcriptional level and the enzymatic level has been documented. However, the studies raise more questions than they answer.
TRANSCRIPTIONAL CONTROL The PhaR homologs from Paracoccus denitrificans and W. eutropha have been recently investigated both in vitro and in vivo (63, (66) (67) (68) 132) . The model of the mechanism by which PhaR is involved in PHB homeostasis is shown in Figure 17 . PhaR is proposed to function as a repressor of phaP transcription and a repressor of its own transcription under conditions in which PHB does not accumulate. Once the accumulation of PHB is initiated, PhaR is proposed to dissociate from the promoter DNA and bind to oligomeric or polymeric forms of (HB) n (68) . PhaP transcription and translation is then initiated as is the transcription and translation of PhaR. Under PHB production conditions, the granules generated are covered with PhaP (30%) and small amounts of PhaR (0.4%) (104) . Polymer degradation results in release of PhaR that can then repress transcription of phaP. The role of PhaR has been investigated in vitro and in vivo in P. denitrificans and W. eutropha.
In P. denitrificans, PhaR is a 22-kDa protein that has been shown to bind to the upstream regions of both phaP and phaR by DNAse I footprinting in vitro (68) . The consensus binding sequences, located at two sites, have been shown to be TAAAATTTTTCTGCACCGCAGCAAGAAAAC located immediately upstream of -35 and TGCAATGCTGCGGTGCAGAAAGTA located between -10 and -35 from the phaP transcriptional starting site. These two sites are -60 to -115 bps upstream from the phaP translational start site. The PhaR-binding site on the phaR promoter (TCATGCTGCAAATGCACTGCCGG) is located immediately downstream of the -10 site from the transcriptional start and -10 to -30 bps from the translational start. The conserved nucleotides are shown in bold font. On the phaP promoter, the palindromic sequences are separated by three nucleotides, whereas on phaR promoter the palindromic sequence is separated by four nucleotides. It remains to be determined whether this difference is responsible for the decreased affinity of PhaR for the phaR promoter relative to the phaP promoter. In vitro gel mobility shift assays were used to demonstrate the binding of PhaR to the DNA sequences defined above, and to monitor the effects of (HB) n on the mobility shift (68) . Gel shifts with PhaR were observed, although no K d s were reported. The concentration of PhaR used to observe the shift was 350 nM. (HB) 30 , crystalline PHB, and relatively high concentrations of artificial PHB granules (prepared using detergents) all resulted in the disruption of the observed mobility shift. Addition of natural granules had no effect. In addition, a number of metabolites were also investigated for their ability to disrupt the DNA-protein complex formation. CoA, acetyl-CoA, HB-CoA, NAD + , NADP + , NADH, NADPH, acetyl phosphate, PEP, citrate, and polyphosphate were unable to alter the observed mobility shift. Thus, the mechanism of derepression is unusual and is suggested to involve oligomeric HBs. Similar in vitro studies have recently been reported on PhaR isolated from W. eutropha (63) . DNAse I footprinting studies suggested that PhaR binds upstream of phaP at two sites and upstream of phaR at one site. Mobility shifts of DNA with the putative DNA-binding sites were also carried out using 5 µM PhaR. Although the starting DNA disappeared, bands with slower migrating properties (DNA-protein complexes) were not detected. To test the role of PHB in derepression of PhaR, artificial granules were prepared and incubated with PhaR, and the granules were then isolated. SDS-PAGE of the proteins from the isolated granule detected PhaR. The strongest evidence that PhaR is a TF that regulates phaP transcription is based on in vivo studies with phaR, phaR phaC, phaC, and wt strains of W. eutropha (66) . As noted above, the wt strain accumulates PHB in a fashion strictly coordinated with PhaP accumulation (Figure 14) . In contrast, the phaR deletion strain accumulated PhaP at levels three times higher than wt strain under PHB production conditions at 24 h. One interpretation of these results is that PhaR is a repressor of PhaP expression and that PhaR specifically prevents accumulation of PhaP in cells that are not producing PHB. Transfer of W. eutropha phaR, phaP, and phaCAB genes into E. coli was shown to be sufficient to reconstitute this PhaR/PhaP regulatory system (66) .
In W. eutropha, studies with phaR and phaR phaP strains showed 25% and 50% reductions in PHB accumulation (% cell dry weight) relative to the wt strain (66) . Thus, it appears that PhaR has a PhaP-independent pathway as well as a PhaP-dependent pathway to affect PHB production. The sequence similarity between PhaR and AniA and the proposed function of AniA suggest that PhaR may also be a global regulator that responds to either carbon flux or to nitrogen limitation, or both. Further studies are required. The in vitro and in vivo studies suggest that PhaR is in fact a TF. However, many studies are required to elucidate its detailed role under different growth conditions and in the signal transduction network in PHB homeostasis regulation.
A different type of TF, PhaF, has been identified in bacteria containing the class II synthases that make PHAs (R = 3 to 14, Figure 8) (69, 134) . The C terminus of PhaF is homologous to the H1 protein family of TFs [a histonelike family with amino acid repeats (AAKP)] typified by AlgP. PhaF has been partially characterized in P. oleovorans (69) . PhaF and phaI are genes downstream from the operon containing phaC1phaZphaC2 and phaD (coding for a synthase, depolymerase, a second synthase, and a phasin) involved in PHA production (134) . The N terminus of PhaF is homologous to PhaI, and both of these proteins have been localized to the surface of PHA granules. The N terminus is thus proposed to be a PHA-binding domain. Analysis of phaF strains resulted in increased transcription of the phaC1 and phaI genes. Thus, the model is that PhaF is a negative regulator. The binding site for PhaF has thus far not been identified, nor is there any experimental evidence that PhaF binds to DNA. The carbon source used for growth of P. oleovorans also regulates levels of the phaC1 transcript. In the presence of octanoate, PhaC1 is expressed, whereas in the presence of glucose or citrate, no PhaC1 transcript is observed. The phaF transcript is present under all of these growth conditions. The model is that when growth occurs on glucose or citrate, no PHA is produced, and thus PhaF functions as a repressor. This regulation is distinct from that described for W. eutropha. In both cases, understanding regulation at the transcription level is in its infancy.
ENZYMATIC CONTROL W. eutropha has been the organism of choice for investigation of PHB homeostasis. Regulation of carbon flux into PHB production occurs at multiple levels, and understanding this regulation is essential for understanding the physiological functions of PHB and for production of new plastics by bioengineering. The role of acetyl-CoA and its relationship to central metabolism and PHB homeostasis is shown in Figure 16 . In addition to transcriptional control, metabolite control of enzymatic activities has also been studied.
Regulation of PHB synthesis at the enzymatic level is well documented. Free CoA plays a central role in polymer synthesis. Studies in vitro demonstrate that CoA inhibits the thiolase (PhaA) with complex kinetics (135) . Some investigators have reported that CoA inhibits the synthase (PhaC) in vitro. In our hands, inhibition was not observed. Polymer synthesis in vivo has also been shown to be stimulated by changes in the NAD(P)H/NAD + ratios (136) . Consistent with this model is the inhibition of citrate synthase by NADH/NADPH (137) . Increased levels of NADH would decrease the levels of CoA and alleviate CoA inhibition of PhaA, thus increasing the flux of acetyl-CoA toward PHB (Figure 16 ). Additional support for this model comes from experiments with an W. eutropha strain containing an isocitrate dehydrogenase mutation. This mutation results in low TCA cycle activity and, consequently, an increased rate of PHB production (122) . Experiments in W. eutropha have been carried out in which the levels of enzymatic activity of PhaA and PhaB have been altered using a plasmid construct. In strains in which these activities have been increased, the rate, but not the amount, of PHB production is also increased (138) . Altering the levels of PhaC had no effect on the rates of PHB production. Thus, at the enzyme level, the redox status of the cell and the concentrations of CoA play important regulatory roles. With current analytical tools available, it would be of interest to measure the kinetics and the concentrations of metabolites [CoA, NAD(P)H, acetoacetyl-CoA, HB-CoA] during the PHB production phase.
Our understanding of regulation even in the best-studied system, W. eutropha, is still rudimentary. The mechanism controlling the rate of substrate delivery and the rate of PhaP production can both influence the rate and amounts of PHB produced. The extent to which metabolites control enzymatic activities and the importance of this level of control relative to transcriptional control remain to be elucidated. The complexity of the regulation at the transcriptional level is apparent and probably involves integration of two-component signaling systems and a variety of repressors and activators. Also, the mechanism to minimize futile cycling of PHB production/utilization, owing to the simultaneous presence of synthase and depolymerases, is still a mystery.
SUMMARY
PHA formation is one of the simplest homopolymerization reactions. The synthase mechanism involves covalent catalysis with an essential cysteine. The protein can be primed with (HB) 2 or 3 -CoA in vitro. (HB) 2 or 3 can be generated by PHB depolymerases. However, no specific enzyme that can generate the CoA ester of these species has yet been identified, which suggests that this priming mechanism is unlikely in vivo. Thus, an in vivo initiation mechanism is likely to involve selfpriming with HB-CoA. Identification of an aspartate that plays an essential role in activating the hydroxyl group for ester bond formation and the ability to replace the wt synthase with any mutant in W. eutropha offer a way to interrogate the priming process in vivo. The mechanism of granule formation requires a phasin protein whose rate of production is correlated with rate of PHB production. The ratio of PhaPs to PHB polymer chains is approximately 1:1. The surface of the granule appears to be covered with a lipid monolayer and granule-associated protein. PhaP covers as much as 30% of the granule surface. PhaC, PhaZ1a, PhaZ1b, and PhaR were found to be associated with the granule as well. However, they contribute little to the surface coverage. There are many fewer PhaCs than PHB molecules per cell, and therefore a mechanism for PHB chain reinitiation is required. Recent EM studies monitoring the kinetics of PHB production in PHB production conditions provided the first insight into a mechanism for granule formation. The EM studies revealed a time-dependent increase in granule size at the early phases of granule formation, and the small granules appear to be associated with some mediation element within the cell. The structure is also apparent when PHB is produced transiently under nutrient-rich conditions. Identification of the mediation element 476 STUBBE ET AL. may provide insight into this process in vivo. The availability of deletion strains of many of the genes involved in PHB homeostasis and the ability to monitor PHB production by various microscopies suggest that many of the secrets of PHB production and utilization will soon be unveiled.
GENERAL CONCLUSIONS AND CHALLENGES
1. Nature has used simple building blocks (acetate, amino acids, sugars, and phosphates) as components of storage polymers in times of stress. These polymers are also generated transiently. 2. Generation of polymers as insoluble inclusions from soluble substrates avoids problems with changes in osmolarity within the cell but generates challenges for their production and reutilization. 3. All synthases (polymerases) are very simple proteins and carry out dehydration reactions. Mechanisms of polymerization (initiation, elongation, and termination), however, have resisted elucidation, owing to difficulties of assaying a changing product with time and of the recapitulation of phase transitions in vitro. Studies in vitro often do not reflect activities in vivo and demonstrate that location of the polymerase inside the cell and, perhaps, additional factors are key to allowing these proteins to make polymers of very high molecular weight.
4.
No structures of any of these polymerases are available. 5. Isolation of granules without disruption of their components has proven challenging. Understanding their composition is essential to understand their biogenesis. Whether granules self-assemble on the basis of the physical properties of the polymers or whether their formation is carefully orchestrated with scaffold proteins and/or kinetic control of substrate and protein production is not yet understood.
6. The mechanism of the control of the MW and polydispersity of the polymers made in vivo remains a challenging question. 7. Despite our understanding of primary metabolism, it is amazing how little we understand about metabolic and transcriptional regulation of homopolymerization processes in bacteria. Polymerases and depolymerases are present simultaneously during polymer production, and the regulatory mechanisms to prevent futile cycling are not understood. Perhaps functions of these proteins have been misassigned given the difficulty of designing informative assays.
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